Key Points {#FPar1}
==========

Following the introduction of Rotarix™ in Japan in 2011, a reduction in rotavirus gastroenteritis (RVGE) was observed.Other studies have shown a transient increase in the incidence of intussusception in the immediate post-vaccination period.Our benefit--risk analysis indicates that, given the assumptions made, the numbers of RVGE hospitalizations and deaths prevented by vaccination are about 350 times higher than those potentially caused by intussusception.

Introduction {#Sec1}
============

Rotavirus is the leading cause of severe gastroenteritis in children under 5 years of age worldwide \[[@CR1]\]. Although rotavirus gastroenteritis (RVGE)-associated mortality is very low in developed countries \[[@CR2]\], RVGE accounts for a large number of hospitalizations \[[@CR3], [@CR4]\]. In Japan, the burden associated with RVGE was shown to be substantial \[[@CR5]--[@CR10]\], highlighting the need for vaccination against rotavirus infection.

A live attenuated rotavirus vaccine (Rotarix™; GSK Vaccines, Rixensart, Belgium) was developed for the prevention of RVGE in children using a two-dose regimen \[[@CR11]\]. The dosage and administration of Rotarix™ in Japan is similar to that in other countries; the first dose may be administered as early as 6 weeks of age and it is recommended that it be administered before the age of 14 weeks. There should be an interval of at least 4 weeks between doses, and the vaccine course should be completed by the age of 24 weeks. In Japan, this vaccine has been shown to be efficacious, well-tolerated, and immunogenic in infants aged 6--14 weeks \[[@CR12]\]. Rotarix™ was launched in November 2011 as the first rotavirus vaccine in Japan, with the prevention of RVGE as the indication. In Japan, rotavirus vaccination is privately funded as of the year 2015. In a recent prospective observational study in three pediatric clinics in Shibata City, Niigata Prefecture, a significantly lower occurrence of severe RVGE in children under 3 years of age was observed in three consecutive seasons after the introduction of rotavirus vaccination than in the pre-vaccination 2011 RVGE epidemic season \[[@CR13], [@CR14]\].

In Japan, as stipulated in the Pharmaceutical Affairs Law, companies are required to conduct an Early Post-marketing Phase Vigilance (EPPV) for the first 6 months after the launch of a new drug \[[@CR15]\]. The occurrence of intussusception after vaccination is particularly well-monitored, since the first licensed rotavirus vaccine (RotaShield™; Wyeth Laboratories, Marietta, PA, USA) was associated with a risk of intussusception and withdrawn from the US market 9 months after its introduction \[[@CR16]\]. An increase in the incidence of intussusception is now also known to occur as a rare adverse event following Rotarix™ and RotaTeq™ (Merck & Co., Inc., Whitehouse Station, NJ, USA) rotavirus vaccination \[[@CR17]\].

Intussusception is a rare condition, but it is the most common cause of acute intestinal obstruction among infants and young children \[[@CR18]\]. If not treated early, intussusception may become a medical emergency and may eventually lead to death \[[@CR18]\]. The incidence of intussusception is highly variable by region \[[@CR19]\]. In Japan, the background incidence rate of intussusception is one of the highest in the world, with estimates ranging between 143.5 and 191 cases per 100,000 children-years in the first year of life \[[@CR20]--[@CR23]\]. However, most cases can be successfully treated with hydrostatic enema, and less than 10 % of intussusception hospitalizations lead to surgery \[[@CR23]\].

A recent observed versus expected analysis of Japanese data based on spontaneous safety reporting has shown a temporal association between the development of intussusception and the receipt of Rotarix™ within 7 days post dose 1 \[[@CR24]\]. These results were consistent with previous observations in large post-marketing safety studies in other regions of the world \[[@CR25]--[@CR29]\]. The WHO has recently recommended the use of Rotarix™ and RotaTeq™ in all national immunization programs \[[@CR30]\]. Both vaccines continue to be used worldwide, including in countries where a risk of intussusception has been detected (USA, Australia, Mexico, Brazil, Singapore) since the benefits are considered to outweigh the intussusception risk \[[@CR25], [@CR27], [@CR31]--[@CR34]\].

Benefit--risk analyses offer a comparative analysis of the benefits and risks of vaccination. Such analyses are used as a decision--support tool to inform regulatory authorities, clinicians, and parents about the benefit--risk balance of vaccination. We performed a benefit--risk analysis of rotavirus vaccination versus no vaccination to compare the incidence of vaccine-preventable hospitalizations and deaths due to RVGE (benefit) over a period of 5 years, with vaccine-associated hospitalizations and deaths due to intussusception (risk) following the first and second dose of Rotarix™ in Japan.

Methods {#Sec2}
=======

Data from peer-reviewed clinical and epidemiological publications and Japanese governmental statistics were used to populate the benefit--risk analysis. Data from market surveys (age distribution of children at the first dose of Rotarix™ and distribution of the delays before administration of the second dose) were also included. The source data were identified, reviewed, and validated by several GSK Vaccines experts in epidemiology and safety (AL, KH, and KS). Data had to be recent, reliable, representative of the general population, and meet the requirement of our case definitions for hospitalized RVGE or intussusception. Source publications were reviewed by comparing overall rates with those from other countries with high-quality data available, including the USA and Australia. Preferences were given to actual Japanese data, providing age-specific RVGE rates pertaining to the age strata under consideration, focusing on severe hospitalized cases of RVGE and intussusception. All parameters included in the benefit--risk analysis and their random distributions are given in Table [1](#Tab1){ref-type="table"}. Benefit--risk estimates were calculated for a large number (\~10^6^) of scenarios generated randomly by selecting a different combination of values drawn from the distribution of the input parameters. Confidence intervals (CIs) around the benefit--risk ratios and differences were calculated based on probabilistic uncertainty analysis and Monte-Carlo simulations \[[@CR31], [@CR35]\].Table 1Model input random variables used for probabilistic uncertainty analysisInputMedian (95 % CI)^a^Distribution^b^SourceDemography Age at first dose (months)2.7 (1.4--4.9)Dirichlet multinomial^c^JVC Japanese Survey (unpublished data, see Supplementary Fig. S2) Delay before second dose (months)1.7 (1.0--4.5)Dirichlet multinomial^d^JVC Japanese Survey (unpublished data, see Supplementary Fig. S3)RVGE Baseline hospitalization rate due to RVGE/10^6^ children aged \<5 years/year4166 (3260--5226)Gamma (69, 16,558)Kamiya et al. \[[@CR7]\] Mortality rate due to RVGE/10^6^ children aged \<5 years/year1.47 (1.14--1.86)Gamma (65, 44,034,734)Japanese Statistics \[[@CR36]\] Vaccine efficacy against RVGE D2 (%)91.6 (62.4--99.1)Log-normal on relative risk (Ln(1--0.916), 0.767)Kawamura et al. \[[@CR12]\] Ratio of vaccine effectiveness against RVGE after a 1-dose vs. 2-dose schedule0.82 (0.73--0.88)Beta (81, 19)Payne et al. \[[@CR37]\] Vaccine efficacy against RVGE D1 (%)73.9 (50.1--83.7)Empirical^e^Product of the 2 distributions above Compliance of second dose0.98 (0.95--0.99)Beta (195, 4.2)JVC Japanese Survey (unpublished data)IS Baseline hospitalization rate due to IS/10^6^ infants aged \<1 year/year1571 (1308--1868)Gamma (122, 77,436)Noguchi et al. \[[@CR22]\] Mortality rate due to IS/10^6^ infants aged \<1 year/year0.54 (0.19--1.18)Gamma (5, 8,639,044)Japanese statistics \[[@CR36]\] IS fatality risk/10^5^ IS hospitalization34.4 (11.8--77.2)EmpiricalDerived from 2 distributions above Relative risk of IS post dose 1 and post dose 2D1: 5.39 (3.92--7.40)\
D2: 1.81 (1.21--2.71)Log-normal\
(Ln(5.39), 0.16)\
(Ln(1.81), 0.20)Rosillon et al. \[[@CR17]\]*CI* confidence interval, *D1* post dose 1, *D2* post dose 2, *IS* intussusception, *JVC* Japan Vaccine Co., Ltd., Tokyo, Japan, *RVGE* rotavirus gastroenteritis^a^The limits of the 95 % CIs were determined using the 2.5 and 97.5 % percentiles of our simulations implemented and correspond as much as possible with the CI limits published in the source documents^b^The approximate distribution parameters provided are gamma (shape, rate), LogNormal (mean, standard deviation), and beta (α, β)^c^The parameters of the Dirichlet-multinomial are (12, 121, 49, 11, 4) for the age at first dose ranging from 1 to 5 months. A day of the month was randomly drawn for each simulation^d^The parameters of the Dirichlet-multinomial are (373, 80, 22, 22, 2.4) for delays between the two vaccinations ranging from 1 to 5 months. A day of the month was randomly drawn for each simulation^e^The distribution of vaccine efficacy D1 is given in Electronic Supplementary Material Fig. S1

Data Used to Support the Benefit Estimate {#Sec3}
-----------------------------------------

The baseline RVGE hospitalization rate was calculated based on estimated means of overall and age-specific hospitalization rates in two cities (Tsu and Ise) of the Mie prefecture over a risk window of 5 years \[[@CR7]\]. Mortality rates due to severe RVGE were estimated using the number of RVGE deaths in Japanese children aged \<5 years and the Japanese birth cohort from 2004 to 2011 \[[@CR36]\].

Vaccine efficacy against RVGE was derived from a phase III, randomized, double-blind study, which assessed the efficacy, reactogenicity, safety, and immunogenicity of two doses of Rotarix™ in Japanese infants aged 6--14 weeks \[[@CR12]\]. Because vaccine efficacy post dose 1 was not calculated in this Japanese trial \[[@CR12]\], we estimated vaccine efficacy post dose 1 (see Electronic Supplementary Material Fig. S1) using the calculated ratio of vaccine effectiveness after one dose to vaccine effectiveness after a two-dose schedule in the USA \[[@CR37]\]. Vaccine efficacy was considered constant over the 5-year risk window used for the modeling since an absence of waning of protection has been documented for at least 3 years \[[@CR38]\].

The age distribution of children at the first dose of Rotarix™ is based on a survey performed among 100 general practitioners, randomly selected from pediatric clinics all over Japan, between 5 and 11 July 2013 (Electronic Supplementary Material Fig. S2). A survey among 500 mothers, randomly selected from Japanese mothers (from all over Japan) who had children under 8 months of age and were registered with a survey company, was performed to provide information on the distribution of the delays before administration of the second dose (Electronic Supplementary Material Fig. S3). Both surveys were conducted via internet questionnaires.

The age at the first dose of vaccination and the delay prior to the second dose of vaccination define the windows where the one-dose and two-dose vaccine efficacy apply and were used to calculate the vaccine preventable fraction of the RVGE baseline rates. The reduction in number of RVGE hospitalizations was calculated for the population of 1 million vaccinees over a period of 5 years, and derived from the baseline hospitalization rate and the vaccine-preventable fraction. The non-preventable fraction was defined as the ratio between the sum of (i) the number of baseline RVGE hospitalizations prior to the first dose of vaccination, (ii) the breakthrough RVGE hospitalizations prior to and after the second dose of vaccination, and (iii) the RVGE hospitalizations occurring due to non-compliance to vaccination, divided by the total number of baseline RVGE hospitalizations over 5 years.

Rotarix™ efficacy against RVGE hospitalization was assumed to be similar to Rotarix™ efficacy against RVGE death since nearly all severe RVGE cases in Japan are hospitalized. Therefore, the same RVGE vaccine-preventable fraction for hospitalization was applied to the RVGE deaths.

Data Used to Support Risk Estimate {#Sec4}
----------------------------------

Baseline age-specific intussusception rates in infants aged \<1 year were based on a previous retrospective cross-sectional study that reviewed the medical charts of all hospitals that provided pediatric beds in Akita Prefecture, Japan, and identified the cases of intussusception that met the Brighton criteria level 1 in these hospitals between January 2001 and December 2010 \[[@CR22]\].

The intussusception hospitalization rate following vaccination after the first and the second dose was calculated using the intussusception baseline hospitalization rate at vaccination age multiplied by the relative risk of intussusception reported for each of the two vaccine doses, resulting from a recent meta-analysis across several countries (USA, Australia, Mexico, Brazil) \[[@CR17]\]. The increase in the number of intussusception hospitalizations after vaccination was calculated for a population of 1 million vaccinees over a risk window of 7 days post vaccine dose 1 and 2.

The intussusception fatality risk following hospitalization was calculated as the ratio of the intussusception mortality rate \[[@CR36]\] to the intussusception hospitalization rate \[[@CR22]\]. The increase in the number of intussusception deaths for the population of 1 million vaccinees over 5 years was calculated as the additional number of intussusception hospitalizations attributed to the vaccine multiplied by the intussusception fatality risk.

Benefit Versus Risk Analysis {#Sec5}
----------------------------

The hospitalization benefit--risk comparison was expressed as the ratio of the reduction in the number of severe RVGE hospitalizations attributable to vaccination over 5 years and the increase in the number of intussusception hospitalizations attributable to vaccination for a risk window of 7 days following vaccination, relative to the same cohort of 1 million vaccinees. Similarly, the death benefit--risk comparison was expressed as a ratio of the reduction in the number of RVGE deaths over 5 years and the additional number of intussusception deaths over a risk window of 7 days post-vaccination. The differences between benefits and risks were also estimated and expressed as the difference between the reduction in number of RVGE hospitalizations (or deaths) and the increase in number of intussusception hospitalizations (or deaths).

Statistical Methods {#Sec6}
-------------------

Random distributions were assigned to the key model parameters (Table [1](#Tab1){ref-type="table"}) in order to implement up to 10^6^ Monte-Carlo simulations and generate an empirical distribution for the ratio and difference of the benefit and risk estimates. The number of simulation draws was equal to 10^6^. All draws were made independently, using a different seed, and considering all distributions as independent. The simulations included age at vaccinations and delays between the two vaccine doses, which can be more easily understood as scenarios (or variations) of the vaccine schedule. We used the wording "scenario" indistinctly for the two aspects of the probabilistic sensitivity analyses. Parameters of random distributions were estimated to approximately reproduce the CI limits reported in publications, using conjugate Bayesian distributions and least-squares methods. A weighted average of the RVGE hospitalization rates pertaining to the Tsu and Ise hospitals \[[@CR7]\] was calculated according to the size of the cohorts in each hospital area. A weighted average of age-specific RVGE or intussusception rates was calculated, and their weights were proportional to the duration of the age window they covered. The few (\<0.06 %) negative instances of vaccine efficacy resulting from the simulations were assigned a zero value, since the vaccine is indicated for the prevention of RVGE disease. Regression techniques using the NLIN procedure in SAS^®^ (SAS Institute, Cary, NC, USA) were applied to calculate the rate as a function of the age of children. The sensitivity of the model for each input parameter was assessed comparing the benefit--risk estimate using mean input values with the estimates using the whole range of plausible input values. The variation around the mean benefit--risk estimation through simulations was related to the percentiles of the key input parameters.

A non-linear regression model was used to fit the baseline RVGE hospitalization rate as a function of child age (Fig. [1](#Fig1){ref-type="fig"}a). The RVGE preventable fraction was calculated as the ratio between the post-vaccination area under the curve, accounting for vaccine efficacies after one and two doses, and the area under the curve using baseline rates. Similarly, a non-linear regression model was used to fit the baseline intussusception hospitalization rate as a function of child age (Fig. [1](#Fig1){ref-type="fig"}b). The curve provided the mean baseline intussusception incidences over the 7-day risk windows following the first and second dose of vaccination.Fig. 1Interpolation of age-specific rotavirus gastroenteritis hospitalization rates in children 0--60 months of age (**a**) and age-specific intussusception hospitalization rates in infants (0--12 months of age) (**b**). **a** The *observed values* represent the rotavirus gastroenteritis hospitalization rate, by age, in two cities (Tsu and Ise) from the Mie Prefecture, Japan, 2003--2007 \[[@CR7]\]. *Vertical bars* define the 95 % confidence interval around mean age-specific rotavirus gastroenteritis rates. *Horizontal bars* define the age range over which the hospitalization rate was estimated. The coefficients of the fitted curve, exp(3.16 × exp(--0.027 × age) -- 3.16 × exp(--0.043 × age^2^ + 0.045 × age)), were determined by least-squares and contributed to the calculation of the preventable fraction of the rotavirus gastroenteritis rate. **b** The *observed values* represent the intussusception hospitalization rate among children ≤24 weeks of age in Akita Prefecture, Japan, between 2001 and 2010 \[[@CR22]\]. *Vertical bars* define the 95 % confidence interval around mean age-specific intussusception rates. *Horizontal bars* define the age range over which the hospitalization rate was estimated. The coefficients of the fitted curve, 10 × exp\[9.18 × exp(--0.062 × (age -- 1.62)) -- 9.18 × exp(--0.438 × (age -- 1.62))\], were determined by least-squares and were used to calculate the mean intussusception rate over a 7-day risk window after each of the two vaccinations. *IS* intussusception, *RVGE* rotavirus gastroenteritis

The CIs for the benefit--risk ratio were determined using the 2.5 and 97.5 % percentiles of the empirical distribution. Both means and medians were tabulated (Electronic Supplementary Material Table S1). The medians, being robust centrality estimates, and less sensitive to extreme values and skewness of the distribution, are presented in the main body of this paper; at most, half of the simulations provide results strictly less than the median value.

An outline of the benefit-risk model was explored in Microsoft Excel^®^ and specifications were written prior to implementation of the simulations in SAS^®^ software (version 9.2).

Results {#Sec7}
=======

In the absence of rotavirus vaccination in Japan, we estimate that the annual hospitalization rate for RVGE is 4166 (95 % CI 3260--5226) per 1 million children below 5 years of age (Table [1](#Tab1){ref-type="table"}), bringing this number up to 20,000 in the cohort of 1 million children followed for 5 years, with a peak incidence at around 10 months of age (Fig. [1](#Fig1){ref-type="fig"}a). The annual intussusception hospitalization rate is 1571 (95 % CI 1308--1868) per 1 million infants below 1 year of age, with a peak incidence at around 7 months of age (Fig. [1](#Fig1){ref-type="fig"}b). The annual mortality rate due to severe RVGE is 1.47 (95 % CI 1.14--1.86) per 1 million children below 5 years of age, while the annual mortality rate due to intussusception is 0.54 (95 % CI 0.19--1.18) per 1 million infants below 1 year of age.

Within a birth cohort of 1 million Japanese children followed for 5 years post-vaccination with two doses of Rotarix™, 17,925 (95 % CI 11,715--23,276) RVGE-associated hospitalizations and 6.3 (95 % CI 4.1--8.2) RVGE-associated deaths could be avoided (Table [2](#Tab2){ref-type="table"}; Electronic Supplementary Material Fig. S4). Overall, 86 % (95 % CI 60--95) of hospitalized RVGE cases could be prevented within 5 years following vaccination.Table 2Benefit and risk of vaccination with Rotarix™ in a birth cohort of 1 million Japanese children followed for a period of 5 years post-vaccinationEventBaseline incidenceBenefitRiskB--R ratio (prevented RVGE/excess IS)B--R difference (prevented RVGE minus excess IS)RVGE^a^IS^b^Prevented RVGE^c^Excess IS^d^Hospitalization20,829 (16,301--26,129)1571 (1308--1868)17,925 (11,715--23,276)50 (7.2--237)350 (69--2510)17,855 (11,643--23,213)Death7.3 (5.7--9.3)0.54 (0.19--1.18)6.3 (4.1--8.2)0.017 (0.0020--0.097)366 (59--3271)6.3 (4.1--8.2)Medians and 95 % confidence (credible) intervals are provided in the table. The mean values are given in Electronic Supplementary Material Table S1*B--R* benefit--risk, *IS* intussusception, *RVGE* rotavirus gastroenteritis^a^Number of RVGE-related hospitalizations and deaths per 1 million children followed from birth to 5 years of age, calculated from the annual hospitalization rate for RVGE (Table [1](#Tab1){ref-type="table"})^b^Number of IS-related hospitalizations and deaths estimated per 1 million infants followed from birth to 1 year of age^c^Number of vaccine-prevented RVGE-related hospitalizations and deaths per 1 million vaccinated children followed from birth to 5 years of age^d^Overall number of IS-related events caused during two risk windows of 7 days post-dose 1 and post dose 2 of Rotarix™

With a fully implemented Rotarix™ vaccination program in Japan, we estimated that vaccination could potentially cause 50 (95 % CI 7.2--237) intussusception hospitalizations and 0.017 (95 % CI 0.0020--0.097) intussusception associated deaths in the same fully vaccinated cohort (Electronic Supplementary Material Fig. S5), calculated over two risk windows of 7 days following the first and second dose of Rotarix™. The number of intussusception hospitalizations potentially caused by Rotarix™ represents a \~3 % increase over the baseline number of intussusception cases (1571) occurring in 1 million infants during their first year of life.

The results of the probabilistic sensitivity analysis of the reduction in number of RVGE hospitalizations (benefit) and the increase in number of intussusception hospitalizations (risk) are presented in Fig. [2](#Fig2){ref-type="fig"} and a ratio between benefit and risk was calculated for each simulation (Electronic Supplementary Material Fig. S6).Fig. 2Two-dimensional plot of the overall reduction in numbers of rotavirus gastroenteritis hospitalizations over a 5-year risk window (*x-axis*) and the increase in numbers of intussusception hospitalizations post-vaccination over two 7-day risk windows (*y-axis*) for a cohort of 1 million vaccinated Japanese children. Each *point* represents the joint calculations of benefits and risks under a specific scenario selected at random from each of the random distributions of the input parameters. The results presenting the highest frequencies across the 10^6^ simulations are *red*. The *plot* illustrates the dominance of the hospitalization benefits in comparison to the hospitalization risks under all scenarios. The distribution of the reduction in the number of rotavirus gastroenteritis hospitalizations over a 5-year risk window in 1 million vaccinees, averaged across all intussusception results, is presented on the *upper* *x-axis*. The distribution of the increase in numbers of intussusception hospitalizations post-vaccination over two 7-day risk windows in 1 million vaccinees, averaged across all rotavirus gastroenteritis results, is presented on the *right y-axis*. *IS* intussusception, *RVGE* rotavirus gastroenteritis

The Rotarix™ benefit--risk ratios for hospitalization and death are 350:1 and 366:1, respectively. This means that for one intussusception hospitalization caused (in every 20,000 vaccinated infants), 350 RVGE hospitalizations will be prevented (Table [2](#Tab2){ref-type="table"}). With a median (mean) vaccine-related intussusception death rate of 0.017 (0.025) per 1 million vaccinees per year, one death might be reported over a median (mean) period of \~60 (40) years, while vaccinating the whole Japanese birth cohort (\~1 million children/year) over the same period would prevent 366 RVGE-associated deaths. The benefit--risk difference shows that 17,855 hospitalizations and 6.3 deaths could be averted in a birth cohort of 1 million Japanese children followed for 5 years post-vaccination with two doses of Rotarix™.

The sensitivity analysis summarized in a tornado diagram (Fig. [3](#Fig3){ref-type="fig"}a) revealed the increase in the benefit--risk ratio for hospitalization when two doses of Rotarix™ are administered to children at younger ages (\<2.5 months of age) because both RVGE and intussusception incidences are age dependent. The second most influential variable is the relative risk of intussusception following the second dose of vaccination. The other variables had a low influence on the benefit--risk ratio (Fig. [3](#Fig3){ref-type="fig"}a). A similar sensitivity analysis performed on the benefit--risk difference (Fig. [3](#Fig3){ref-type="fig"}b) revealed that the two most influential variables were the RVGE hospitalization rate and the vaccine efficacy after the second dose of vaccination.Fig. 3Sensitivity analyses assessing the impact of the variability of model parameters on the benefit--risk ratio (**a**) and benefit--risk difference (**b**) for hospitalization. The *x-axis* of the tornado diagrams shows the variations of the benefit--risk ratio around its mean value as a result of variations of the main input parameters. The *left and right limits of each horizontal bar* indicate the change in benefit--risk ratio calculated for the 1 and 99 % percentile values of the input parameter mentioned. Other *symbols* indicate the benefit--risk variations expected for those percentiles of the input parameter. *BR* benefit--risk, *D1* dose 1, *D2* dose 2, *hosp.* hospitalization, *IS* intussusception, *Max* maximum, *Min* minimum, *Q1* first quartile, *Q3* third quartile, *RR* relative risk, *RVGE* rotavirus gastroenteritis, *VE* vaccine efficacy

Discussion {#Sec8}
==========

The present analysis was carried out to compare the benefit (RVGE reduction) and risk (intussusception) associated with Rotarix™ vaccination in Japan. For a Japanese birth cohort of 1 million children vaccinated with two doses of Rotarix™ and followed for 5 years, a reduction of 17,925 (86 %) RVGE-associated hospitalizations and 6.3 RVGE-associated deaths, and a potential additional 50 intussusception-associated hospitalizations, which would represent a 3 % increase from background incidence numbers within the first year after introduction of vaccination, and 0.017 intussusception-associated deaths are predicted due to vaccination. This suggests that about 350 RVGE-associated hospitalizations and 366 RVGE-associated deaths would be prevented for each intussusception hospitalization and death caused, respectively.

Overall, the benefit--risk ratio for Japan is favorable and comparable to results from other studies performed in other regions of the world (Table [3](#Tab3){ref-type="table"}) \[[@CR25], [@CR27], [@CR31], [@CR32], [@CR39]\]. Differences in the results between studies can be explained by differences in the epidemiology of RVGE and intussusception between countries and by the spread of the range of input values.Table 3Benefit--risk estimates in other regions of the world based on one vaccinated birth cohort followed to 5 years of ageRegionBirth cohortEventPrevented RVGECaused ISB--R ratio (RVGE/IS)ReferencesBrazil3,068,249Hospitalizations\
Deaths69,572\
64055\
31265^a^\
213^a^\[[@CR25]\]Mexico2,414,329Hospitalizations\
Deaths11,551\
66341\
2282^a^\
331^a^\[[@CR25]\]Australia290,446Hospitalizations\
Deaths6528\
NR14\
NR466^a^\
NR\[[@CR27]\]USA4,261,494Hospitalizations\
Deaths53,444\
1445\
0.21093\
71\[[@CR32]\]Latin America9,588,000Hospitalizations\
Deaths144,746\
4124172\
10841\
395\[[@CR31]\]England656,457Hospitalizations\
Deaths13,276\
2.8635\
0.03375\
88\[[@CR39]\]Japan1,018,400Hospitalizations\
Deaths17,925\
6.350\
0.017350\
366This study*B--R* benefit--risk, *IS* intussusception, *NR* not reported, *RVGE* rotavirus gastroenteritis^a^Calculated using data from the original publications

In Japan, the background incidence of intussusception is one of the highest in the world \[[@CR20]--[@CR23]\]. The absolute number of cases predicted to be possibly caused by the vaccination is relatively high (50 extra hospitalizations per 1 million infants in the immediate post-vaccination period). The relative increase from baseline is expected to be about 3 %. Assuming the same vaccine efficacy within the age range considered, our sensitivity analyses show that timely administration of Rotarix™ can improve the hospitalization benefit--risk ratio. This is due to a lower intussusception background incidence at lower ages \[[@CR22]\]. Moreover, timely vaccination would lead to earlier prevention of RVGE in infants, for whom the RVGE burden is high \[[@CR10]\].

On the other hand, the annual mortality rates due to severe RVGE and intussusception are very low in Japan when compared with other countries, since most RVGE and intussusception cases are hospitalized and well-managed. Although the benefit--risk ratio for death in Japan (366:1) is comparable with other countries \[[@CR25], [@CR31]\], one intussusception death caused by vaccination would only be expected within a median (mean) period of 60 (40) years. Moreover, our benefit--risk difference estimates of approximately 18,000 hospitalizations averted in a birth cohort of 1 million Japanese children followed for 5 years post-vaccination suggest an important reduction in the medical and economic burden of RVGE in Japan \[[@CR40]\].

Sensitivity Analyses {#Sec90}
--------------------

The sensitivity analyses on the benefit--risk ratio reflect the impact of uncertainties on the ratio between the number of hospitalizations prevented and the number of hospitalizations caused. The sensitivity analyses on the benefit--risk difference reflect the impact of uncertainties on the absolute number of hospitalizations prevented (important from a public health perspective). The most influential parameters are different for ratio and difference. The benefit--risk ratio changes significantly when the denominator varies, which explains that most influential parameters are the ones that affect the risks (excess intussusception). The number of RVGE hospitalizations prevented is very large compared with the number of intussusception hospitalizations caused, and the difference is very close to the number of RVGE hospitalizations prevented. Therefore, the most influential parameters in this case are the ones that mostly affect the benefits (RVGE reduction).

Our results show that the benefit--risk ratio would increase from its mean value of \~592 up to \~4500 should the age at the first vaccination decrease from its mean value of 2.8 months to its first percentile value of 1.2 months. The benefit--risk ratio decreases but remains slightly above unity even if the age at first vaccination increases towards 5.5 months. The increase in the intussusception relative risk following the second dose from its mean value of 1.8 up to its first percentile value of 2.93 also decreases the benefit--risk ratio but remains largely above unity. The benefit--risk difference remains considerably above zero irrespective of the input parameter considered in the sensitivity analysis. The benefit--risk difference reduces at most by \~8000 units from its mean value of 17,764 when the vaccine efficacy decreases from its mean value of 91.6 % to its first percentile value of 50 %. All of these results illustrate the robustness of our conclusions of a favorable benefit--risk balance for Rotarix™ in Japan.

Limitations {#Sec99}
-----------

There are several limitations in this analysis. First, data on incidence of RVGE and intussusception are limited in Japan, and, therefore, we had to rely on a limited number of available publications. The number of deaths due to RVGE and intussusception in previous years has been obtained from Japanese governmental statistics (Statistics Bureau, Ministry of Internal Affairs and Communications) \[[@CR36]\], but it is not known if this represents the true mortality picture. We estimated the intussusception fatality risk to be 0.034 (95 % CI 0.012--0.077) per 100 hospitalizations based on national statistics (five intussusception deaths in 8.6 million infants aged \<1 year) and the hospitalization rate (122 intussusception hospitalizations over 77,500 person-years) given by Noguchi et al. \[[@CR22]\], assuming that all intussusception cases are hospitalized. Another recent paper estimated the intussusception fatality risk to be 0.08 (95 % CI 0.01--0.30) per 100 hospitalizations \[[@CR23]\], but this was based on only two deaths in children aged \>1 year and no deaths in infants aged \<1 year out of 2427 children \<18 years of age. Importantly, the calculated benefit--risk ratio remains considerably larger than unity even if the intussusception fatality risk is higher than assumed; therefore, these discrepancies would still leave a highly favorable benefit--risk balance for the Rotarix™ vaccine.

Data on timing of administration of the rotavirus vaccine doses is critical for the benefit--risk modeling, given the substantial increase in baseline intussusception rates by week of age in the first few months of life. Since no population-based statistics were available in Japan at the time of the study, we have conducted surveys among doctors and mothers to capture this information. Another aspect is that we have been only able to estimate the risk for hospitalized intussusception and not for outpatient visits as it seems only a small proportion of such cases are handled by outpatients facilities in Japan \[[@CR20]\]. However, since the majority (96 %) of intussusception cases are hospitalized \[[@CR20]\], underestimating the excess numbers of intussusception due to vaccination is unlikely. Since Rotarix™ has only been recently introduced in Japan, the reduction in RVGE-associated hospitalization is based on vaccine efficacy documented in clinical trials rather than vaccine effectiveness, and the percentage reduction in vaccine efficacy after the first dose was estimated based on the calculated ratio between vaccine effectiveness post dose 1 and post dose 2 from the USA \[[@CR37]\]. Sustained protection for Rotarix™ has been documented for 3 years \[[@CR38]\]; however, in our modeling we assumed that it would be maintained over 5 years (the usual RVGE risk window considered in Fig. [1](#Fig1){ref-type="fig"}) and that vaccination should prevent the majority of RVGE hospitalizations and deaths within this period.

The risk of intussusception beyond the 7-day post-vaccination period was not considered in the present model. This is due to the analysis being based on a recent meta-analysis of that risk over several studies \[[@CR17]\]. The meta-analysis is limited to risk estimates over the 7-day period post-vaccination, mainly due to between-study differences in risk estimates for risk periods after 7 days \[[@CR25]--[@CR29]\] and the lack of evidence for a risk increase after 7 days from a number of these studies \[[@CR26], [@CR28]\], as mentioned in Rosillon et al. \[[@CR17]\]. However, even if an estimate of risk after 7 days was included, the resulting benefit--risk ratio in Japan would still remain very high and the benefit--risk balance would be highly favorable. To illustrate this, we performed a sensitivity analysis in which we extended the intussusception-related events risk windows from 7 to 21 days while keeping the original input parameters of the model constant. The analysis results of this scenario suggest that about 93 RVGE-associated hospitalizations and 97 RVGE-associated deaths would be prevented for each intussusception hospitalization and death caused, respectively (Electronic Supplementary Material Table S2).

Conclusions {#Sec9}
===========

The benefit--risk analysis is a tool that would help Japanese decision-makers to perform a side-by-side comparison of the benefit and risk of rotavirus vaccination in Japan. Our modeling confirmed that the benefit--risk balance for Rotarix™ is favorable in Japan. From a public health perspective, this means that the numbers of RVGE hospitalizations and deaths prevented by vaccination are greater than those potentially caused by intussusception.
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